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We propose using optomechanical interaction to narrow the bandwidth of filter cavities for achiev-
ing frequency-dependent squeezing in advanced gravitational-wave detectors, inspired by the idea of
optomechanically induced transparency. This can allow us to achieve a cavity bandwidth on the or-
der of one hundred Hz using small-scale cavities. Additionally, in contrast to a passive Fabry-Pe´rot
cavity, the resulting cavity bandwidth can be dynamically tuned, which is useful for adaptively
optimizing the detector sensitivity when switching amongst different operational modes. The exper-
imental challenge for its implementation is a stringent requirement for very low thermal noise of the
mechanical oscillator, which would need superb mechanical quality factor and very low temperature.
We consider one possible setup to relieve this requirement by using optical dilution to enhance the
mechanical quality factor.
PACS numbers:
Introduction.—Advanced interferometric gravitational
wave (GW) detectors, e.g., the advanced LIGO [1], ad-
vanced VIRGO [2] and KAGRA [3], are expected to be
limited by quantum noise over almost the entire detection
band. Further enhancement of the detector sensitivity re-
quires manipulation of the optical field and the readout
scheme at the quantum level. One approach proposed
by Kimble et al. [4] is injecting frequency-dependent
squeezed light into the main interferometer. A series of
optical cavities is used to filter the squeezed light and to
create proper rotation of the squeezing angle at different
frequencies. In order to achieve a broadband reduction
of quantum noise, the frequency scale of these filter cav-
ities needs to match that of quantum noise of the main
interferometer. For the advanced LIGO, the quantum
noise is dominated by quantum radiation pressure noise
at low frequencies and shot noise at high frequencies—
the transition happens around 100Hz, which determines
the required filter cavity bandwidth.
The original proposal in Ref. [4] is using filter cavities
of kilometer length. Recently, Evans et.al [5] proposed a
more compact (10 meters) filter cavity with 105 finesse
to achieve the required bandwidth. With such a high
finesse, a small optical losses can degrade the squeezing
and become the key limiting factor in the filter cavity per-
formance. Isogai et.al have experimentally demonstrated
that the optical losses from current mirror technology
are sufficiently small to build such a filter cavity that
will be useful for the advanced LIGO [6]. However if we
want to further increase the compactness of the filter cav-
ity, then the requirement for optical loss becomes more
stringent. In this case, one solution is to go beyond the
paradigm of passive cavities. One proposed approach is
to actively narrow the cavity bandwidth by using elec-
tromagnetically induced transparency (EIT) effect in a
pumped atomic system [7]. In principle, the cavity can
be made to be on the centimeter-scale while still having
a bandwidth comparable to a much longer high-finesse
cavity. Additionally, with an active element, the cavity
optical properties can be dynamically tuned by changing
the power of the control pumping field. This has the ad-
vantage of allowing optimization of the filter cavity for
different operational modes of the detector, where the
quantum noise has different frequency dependencies, e.g.,
tuned vs. detuned resonant sideband extraction (RSE)
in the case of the advanced LIGO.
The active atomic system is generally lossy, which will
degrade the squeezing level. Here we propose to nar-
row the filter cavity bandwidth using the optomechanical
analogue of EIT, optomechanically induced transparency
(OMIT), which has recently been experimentally demon-
strated by Weis et al. [8] and Teufel et al. [9]. In compar-
ison with these OMIT experiments, we consider a differ-
ent parameter regime and use an overcoupled cavity to
attain the desired performance. The scheme integrated
with the main interferometer is illustrated in Fig. 1. The
filter cavity consists of a mirror-endowed mechanical os-
cillator with eigenfrequency ωm that is much larger than
the cavity bandwidth γ. A control pump laser drives
the filter cavity at frequency ωp, detuned from the cav-
ity resonant frequency ω0 (also the laser frequency of the
main interferometer) by ωm − δ with δ comparable to
the gravitational-wave signal frequency Ω. As we will
show, the optomechanical interaction modifies the cav-
ity response and gives rise to the following input-output
relation for the sideband at ω0 + Ω:
aˆout(Ω) ≈ Ω− δ − iγopt
Ω− δ + iγopt aˆin(Ω) + nˆth(Ω) , (1)
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FIG. 1: (Color online) Schematic showing the configuration
for achieving frequency-dependent squeezing.
where γopt is defined as:
γopt =
4Pcω0
mωmc2Tf
, (2)
with Pc being the intra-cavity power of the control field,
m the mass of the mechanical oscillator and Tf the trans-
missivity of the front mirror (the end mirror is totally
reflective). The first term in Eq.1 gives the input-output
relation of a standard optical cavity with the original
cavity bandwidth γ replaced by γopt, which can be sig-
nificantly smaller than γ as well as dynamically tuned by
changing the control beam power.
The second term nˆth arises from the thermal fluctua-
tion of the mechanical oscillator. It is uncorrelated with
the input optical field aˆin and therefore decohering the
squeezed light. In order for its effect to be small, we
require:
8kBT
Qm
< ~γopt , (3)
with Qm the mechanical quality factor and T the envi-
ronmental temperature. Given the fact that the desired
effective cavity bandwidth is γopt/2pi ≈ 100 Hz, we have
T
Qm
< 6.0× 10−10 K . (4)
This is challenging to achieve even with low-loss materials
at cryogenic temperature. A possible solution is to use
optical dilution, first proposed by Corbitt et al. [10–13].
It allows for a significant boost of the mechanical quality
factor by using the optical field, to provide most of the
restoring force. Later we illustrate its applicability for
our purpose.
Optomechanical dynamics.—Here we provide the de-
tails behind Eq. (1) by analyzing the dynamics of the
optomechanical filter cavity, starting from the standard
linearized Hamiltonian [14, 15]:
Hˆ =~ω0aˆ†aˆ+ pˆ
2
2m
+
1
2
mω2mxˆ
2 + ~ G¯0xˆ(aˆ† + aˆ)
+ i~
√
2γ(aˆ†aˆine−iωpt − aˆ aˆ†ineiωpt) . (5)
In the Hamiltonian, aˆ is the annihilation operator of
the cavity mode and aˆin is the annihilation operator
for the input optical field (the squeezed light in our
case); xˆ (pˆ) is the oscillator position (momentum); G¯0 =
[2Pcω0/(~cL)]1/2 with L being the cavity length. In the
rotating frame at frequency ωp of the control laser, the
Heisenberg equation of motion reads:
m(¨ˆx+ γm ˙ˆx+ ω
2
mxˆ) = −~ G¯0(aˆ+ aˆ†) + Fˆth, (6)
˙ˆa+ (γ + i∆)aˆ = −i G¯0xˆ+
√
2γ aˆin, (7)
where ∆ ≡ ω0 − ωp is the detuning frequency and we
have included the mechanical damping and associated
Langevin force Fˆth. Solving these equations of motion in
the frequency domain yields
xˆ(ω) = χm(ω)
{
~G¯0[aˆ(ω) + aˆ†(−ω)] + Fˆth(ω)
}
, (8)
aˆ(ω) = χc(ω)[−iG¯0 xˆ(ω) +
√
2γ aˆin(ω)] . (9)
We have defined the susceptibilities χm ≡ −[m(ω2−ω2m+
iγmω)]
−1 and χc ≡ [γ − i(ω −∆)]−1.
Relevant parameter regime.—We consider the param-
eter regime leading to Eq. (1). This requires ∆ = ωm− δ
with ωm  δ, and the so-called resolved-sideband regime
ωm  γ. Correspondingly, the lower sideband of the cav-
ity mode aˆ(−ω) in Eq. (8) is negligibly small and can be
ignored (we will analyze the effect of this approximation
later). We therefore obtain [cf. Eqs. (8) and (9)]:
aˆ(ω) ≈
√
2γ aˆin(ω)− iG¯0χm(ω)Fˆth(ω)
χ−1c (ω) + i ~ G¯20 χm(ω)
. (10)
Since we are interested in the signal sidebands around ω0,
we rewrite the above expression in terms of Ω by using
the equality ω = ∆ + Ω [cf. the inset of Fig. 1]. Given
Ω ≈ δ  ωm, we have χm ≈ −[2mωm(Ω − δ + iγm)]−1
and χc ≈ γ−1 . Together with aˆout = −aˆin +
√
2γ aˆ, we
obtain
aˆout(Ω) ≈ Ω− δ + iγm − iγopt
Ω− δ + iγm + iγopt aˆin(Ω) + nˆth(Ω) (11)
with the additional noise term nˆth defined as
nˆth(Ω) =
i
√
2γ γoptFˆth(Ω)
~G¯0(Ω− δ + iγm − iγopt) . (12)
For a high quality factor oscillator γm  γopt, we can
ignore γm and recover the input-output relation shown
in Eq. (1).
To maintain coherence of the squeezed light, the fluctu-
ations due to the thermal noise term nˆth need to be much
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FIG. 2: Schematics of the coupled cavity setup for the filter
cavity.
smaller than those due to the input field; equivalently,
the quantum radiation pressure noise on the mechani-
cal oscillator from the squeezed light needs to dominate
over thermal noise of the oscillator. Given the fact that
〈Fˆ †th(Ω)Fˆth(Ω′)〉 = 4mγmkBTδ(Ω−Ω′), the requirement
on the noise spectrum for nˆth reads
Sth(Ω) =
(
8kBT
~γoptQm
)
γ2opt
(Ω− δ)2 + γ2opt
< 1 . (13)
The thermal noise effect is maximal around Ω ∼ δ, from
which we obtain the condition shown in Eq. (3).
Effects of optical loss and finite cavity bandwidth.—
Apart from the above-mentioned thermal noise, there
are other decoherence effects: (i) the additional radia-
tion pressure noise introduced by the optical loss, and
also (ii) the effect of the lower sideband due to the finite
cavity bandwidth, ignored in the resolved-sideband limit.
Their effects are similar to the above thermal force noise;
therefore we can quantify their magnitude using the noise
spectrum referred to the output. For the optical loss,
S(Ω) =
(
c 
γL
)
γ2opt
(Ω− δ)2 + γ2opt
, (14)
where  is the magnitude of the optical loss (e.g.,  = 10−5
for 10ppm loss). Similarly, for the contribution from the
lower sideband, we have
S−ωm(Ω) =
(
γ
ωm
)2 γ2opt
(Ω− δ)2 + γ2opt
. (15)
These two need to be taken into account when estimating
the performance of this optomechanical filter cavity.
Possible experimental scheme.—We have shown in
Eq. (4) that the most significant issue is the thermal
noise, which puts a stringent requirement on the me-
chanical system and the environmental temperature. As
we mentioned earlier, One possible way to mitigate this
is using optical dilution explored by Corbitt et al., in
which the optical restoring force is due to the linear de-
pendence of radiation pressure force on the oscillator po-
sition. This scheme has a limitation from quantum back
action noise associated with a linear position response.
Korth et al. [16], have showed how measurement-based
feedback can cancel the quantum back action. Such a
cancellation is, however, limited by quantum efficiency
of the photodiode for measurement.
Here we consider optical dilution using a coupled cavity
scheme, shown in Fig.2, with a mirror-endowed oscillator
placed in the middle of a Fabry-Pe´rot cavity, first imple-
mented by Thompson et al. [17, 18]. Interestingly, this
scheme allows for an internal cancellation of the quantum
back action associated with a linear optical spring, and
thus it avoids the limitation of the scheme in Ref. [16].
A detailed analysis is given in the supplemental mate-
rial [19]. An intuitive picture behind this back-action
evasion effect can be described as follows. The optical
field on the left-hand side of the middle oscillator consists
of two parts: (i) the immediate reflection from the oscil-
lator and (ii) the transmitted field from the right-hand
side, both containing the position information of the os-
cillator. The coupled cavity has a doublet resonance.
It turns out that, when the trapping field is resonantly
tuned to one of the doublet and the end mirror is per-
fectly reflective, the position information from these two
parts destructively interfere, resulting in a cancelation of
the back action.
Strong trapping beam can induce an optical spring fre-
quency ωopt  ωm0 with:
ω2opt =
2Ptrapω
′
0
mc2
√
TsTf
, (16)
where Ptrap and ω
′
0 are the input power and optical fre-
quency of the trapping beam, the Ts and Tf are the trans-
missivity of the mirror-endowed oscillator and the front
mirror, respectively. The modified quality factor can be
greatly boosted since the mechanical dissipation rate γm
is unchanged.
This optical dilution scheme also has its own limita-
tions. Firstly, in reality there is no perfectly reflective
mirror and always some optical loss, and so the above-
mentioned cancellation cannot be perfect. The residual
radiation pressure noise, referred to the output, is given
by:
Sopt (Ω) =
4ω′0Ptrap
mγoptωmc2TsTf
γ2opt
(Ω− δ)2 + γ2opt
. (17)
Secondly, the optical spring effect is frequency depen-
dent: Kopt(ω) ≈ mω2opt − imΓω − moptω2. This tells
us that the optical spring can modify not only the res-
onance frequency, but also the mechanical damping and
the effective inertia (mass), which could induce instabil-
ity. Lastly, finite absorption of the laser power in the
oscillator will increase its temperature and may increase
the thermal noise. The size of this effect, however, de-
pends on the mechanical structure and the detailed loss
mechanism.
An example.—We illustrate the requirements for ex-
perimentally realizing the optomechanical filter cavity us-
ing optical dilution shown in Fig. 2 with some example
4TABLE I: Example parameter values
Parameter Description Value
L filter cavity length 50cm
Tf front mirror transmissivity 250ppm
Ts transmissivity of oscillator 3000ppm
a
Ptrap trapping beam input power 1.6mW
λ′0 trapping beam wavelength 532nm
m oscillator mass 500ng
ωm0/(2pi) bare mechanical frequency 200Hz
Qm0 bare mechanical quality factor 10
8b
T environmental temperature 1K
Pc control beam intra-cavity power 0.1mW
λ0 control beam wavelength 1064nm
γopt/(2pi) effective cavity bandwidth 100Hz
aThis value is only for the trapping beam; for the control field, the
value is close to unity (limited by optical loss), requiring a dichroic
coating.
bAccording to [20], the mechanical damping of some material
structures are as small as 10−6Hz, which sets this possible value.
TABLE II: Effective oscillator parameters
ωopt/(2pi) optical spring frequency [Eq.(16)] 20kHz
Qm final mechanical quality factor 2× 1010
Γ/(2pi) optical (anti-)damping rate [Eq.(A.9)] −8mHz
mopt negative optical inertia [Eq.(A.10)] −8.5pg
parameters in Table I. These values are chosen after con-
sidering the above mentioned effects, which can cause
decoherence to the squeezed light, such that
Smaxtot = Sth(δ) + S(δ) + S−ωm(δ) + S
opt
 (δ) < 1 . (18)
In addition, once we fix the oscillator mass m and trans-
missivity Ts, we can minimize S
max
tot by looking into the
scaling of different parameters, which determines the
trapping beam power Ptrap, the front mirror transmissiv-
ity Tf , and the environmental temperature T . We end
up with the following scaling of Smaxtot in terms of optical
loss and cavity length:
Smaxtot ≈ 3× 1034/5/L2/5 . (19)
The resulting degradation to the squeezing factor due
to optical loss is shown in Fig. 3 for a cavity length of
50cm. In comparison to a passive filter cavity for which
the performance degrades as /L [6], the optomechani-
cal filter cavity using the optical-dilution scheme has a
milder dependence on L, which yields the possibility of
being small scale.
The mechanical dynamics are modified by the opto-
mechanical interaction, and the new effective parameters
of the oscillator are summarised in Table II. The optical
spring shifts the mechanical resonant frequency from its
bare value of 100Hz to 20kHz, which results in a two
hundred fold increase in the quality factor. Comparing
Table I and Table II, we can see that the negative optical
damping and inertia do not pose an important problem.
We would like to point out that this scheme might
not function as expected due to heating from finite ab-
sorption of the laser power. The intra-cavity power of
the trapping beam, given the listed parameter values,
is around 10W. For 10 ppm absorption, this amounts to
0.1mW of heat deposited into the nano-mechanical oscil-
lator. We make an order-of-magnitude estimate in the
supplemental material and find this can create a nonuni-
form temperature distribution with a maximum around
10K near the beam spot. Further detailed study is re-
quired to estimate how this nonuniform temperature dis-
tribution on the oscillator affects the total thermal noise.
Specifically in this case, the dissipation mainly comes
from the clamping point where the temperature is still
low. If this nonuniform temperature distribution indeed
introduces significant thermal noise, then alternative ma-
terials with higher thermal conductivity at low tempera-
ture would need to be manufactured.
Conclusion.—We have considered the use of optome-
chanical interaction to narrow the bandwidth of a filter
cavity for frequency-dependent squeezing in future ad-
vanced gravitational-wave detectors. However, due to
susceptibility to thermal decoherence, its feasibility is
conditional on advancements in low-loss mechanics and
optics.
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FIG. 3: Resultant squeezing level from injecting 10 dB of
input squeezing into an optomechanical filter cavity using the
optical-dilution scheme in Fig. 2, with parameters in Table I,
for several values of the optical loss .
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In this supplemental material, we will show additional
details and derivations for the optomechanical dynamics
of the optical-dilution scheme shown in Fig. 2 of the main
text.
Hamiltonian and equation of motion
The Hamiltonian of the system can be written as:
H = ~ω0(aˆ†aˆ+ bˆ†bˆ) +
pˆ2
2m
+
1
2
mω2mxˆ
2 + ~ωs(aˆ†bˆ+ aˆbˆ†)
+~G0xˆ(aˆ†aˆ− bˆ†bˆ) +Hoptext +Hmext.
(A.1)
Here, aˆ, bˆ are annihilation operators for cavity modes
in left and right sub-cavity (with resonant frequency
ωc) respectively. xˆ, pˆ are the position and momentum
operators of the vibrating mirror. ωs is the coupling
constant for aˆ and bˆ and G0 is defined to be ω0/L.
Hoptext = i~
√
2γf (aˆ
†aˆin − h.c) + i~
√
2γ(bˆ
†bˆin − h.c) and
Hmext correspond to the coupling of the system to the en-
vironment.
The Heisenberg equations of motion in the rotating
frame of the trapping beam at frequency ω′0 can be de-
rived as:
˙ˆa = i∆taˆ− γf aˆ− iωsbˆ− iG0xˆaˆ+
√
2γf aˆin, (A.2a)
˙ˆ
b = i∆tbˆ− γbˆ− iωsaˆ+ iG0xˆbˆ+
√
2γbˆin, (A.2b)
˙ˆp = −mω2mxˆ− γmpˆ− ~G0(aˆ†aˆ− bˆ†bˆ) + Fth, (A.2c)
˙ˆx = pˆ/m. (A.2d)
Here, γf = cTf/4L and γ = c/4L, Tf and  are the
transmissivity of the front mirror and the loss of the sys-
tem through the end mirror, ∆t = ω
′
0−ω0 is the detuning
of the pumping laser field with respect to the half-cavity
resonance. Suppose we pump the cavity by injecting a
laser field through the front mirror (single-side pumping),
then b¯in = 0. These equations can be solved perturba-
tively. The zeroth order terms give us the classical am-
plitude of the intra-cavity mode in both sub-cavities and
the first order terms carry information about the mirror
vibration along with quantum noise due to the non-zero
transmissivity of the cavity end mirror.
From the above Heisenberg equations of motion, we
have the steady state fields in the two sub-cavities:
a¯ =
(i∆t − γ)
√
2γf a¯in
∆2t − ω2s − γfγ + i∆t(γf + γ)
(A.3a)
b¯ =
i
√
2γfωsa¯in
∆2t − ω2s − γfγ + i∆t(γf + γ)
, (A.3b)
Laser
FIG. A.4: Basic configuration of the proposed scheme: a vi-
brating mirror trapped in a Fabry-Pe´rot cavity. aˆ and bˆ are
the light field operators in the left and right subcavities, re-
spectively.
6As we can see from above equations, when we set the
detuning of the trapping beam to be ∆t = ωs and set
γ/γf  1, the intracavity field amplitude is strong:
a¯ = b¯ =
√
2/γf a¯in with a¯in =
√
Ptrap/~ω′0. The fluctuat-
ing field consists of mechanical modulation and quantum
fluctuations as:
aˆ(ω) =
−Gbωsxˆ+ iωs
√
2γbˆin + [i(ω + ∆t)− γ][−iGaxˆ+
√
2γf aˆin]
(ω + ∆t)2 − ω2s − γγf + i(ω + ∆t)(γf + γ)
(A.4a)
bˆ(ω) =
Gaωsxˆ+ i
√
2γfωsaˆin + [i(ω + ∆t)− γf ][iGbxˆ+
√
2γbˆin]
(ω + ∆t)2 − ω2s − γγf + i(ω + ∆t)(γf + γ)
, (A.4b)
with Ga ≡ G0a¯ and Gb ≡ G0b¯ (notice that in case of
∆t = ωs, we have Ga = Gb). The radiation pressure
force acting on the trapped mirror is given by
Fˆrad(ω) = ~[G∗aaˆ(ω) +Gaaˆ†(−ω)−G∗b bˆ(ω)−Gbbˆ†(−ω)],
(A.5)
which can be split into two parts:
Fˆrad(ω) = −Kopt(ω)xˆ(ω) + FˆBA(ω) (A.6)
The first and second term represent the pondermotive
modification of the mechanical dynamics and the back-
action quantum radiation pressure noise respectively.
The Kopt(ω) here is the optomechanical rigidity which
can be expanded in terms of ω if the typical frequency
of mechanical motion is smaller than the other frequency
scale in the trapping system:
Kopt(ω) ≈ Kopt(0) + ∂Kopt
∂ω
ω +
1
2
∂2Kopt
∂ω2
ω2
≡ mω2opt − imΓω −moptω2.
(A.7)
The first term in (A.7) gives the trapping frequency and
the second and third terms give the velocity and accel-
eration response of the trapped mirror which are optical
(anti-)damping Γ and optomechanical inertia mopt, re-
spectively.
Substituting (A.3) and (A.4) into (A.5) and taking
the expansion with respect to detection frequency ω, we
can get analytical expressions of the optical rigidity and
radiation pressure noise. However, they are too cumber-
some to show. In the following, we show approximate
results in the interesting parameter region of ∆t ∼ ωs
and γ  γf in which the back-action noise can be co-
herently canceled.
Dynamics and back-action
The optical spring frequency is given by:
ω2opt =
~G2a
mωs
+O(η). (A.8)
Substitute a¯in, Ga, ωs and γf in, and we have Eq.(16) in
the main text. The O(η) here describes all the high order
terms with η ∼ (∆t−ωs)/ωs, γ/γf . Notice that this op-
tical spring can be treated effectively as a quadratic trap
of the vibrating mirror on the anti-node of our trapping
beam as shown in 1
The optical (anti)-damping factor Γ is given by (to 1st
order of ω):
Γ =
16~G2a
mγfωs
(
∆t − ωs
ωs
)
− 8~G
2
aγf
mω3s
(
γ
γf
)
+O(η2) (A.9)
It is clear from this formula that in the ideal case when
∆t = ωs and γ = 0, the optical damping is completely
cancelled. Therefore by carefully choosing the system pa-
rameters, we can achieve a small positive damping when
the end mirror is not perfectly reflective.
The main contribution to the optomechanical inertia
is at zeroth order of :
mopt = −~G
2
a
ω3s
+O(η) (A.10)
which is extremely small as we have shown in the main
text.
Finally, the back-action radiation pressure force noise
spectrum is given by:
SradFF =
2~2G2aγf
ω2s
(
γ
γf
)
+O(η2) (A.11)
Notice that the back-action force spectrum is zero when
the end mirror is perfectly reflective (γ = 0).
The physical explanation of this back-action evasion
phenomenon is shown in Fig.A.5. The part of the outgo-
ing fields which contains the displacement signal can be
written as (suppose the end mirror is perfectly reflective):
aˆmout = −2iGaxˆ+ 2i
Gaω
2
s
∆2t
xˆ (A.12)
1 H. Miao, S. Danilishin, T. Corbitt, and Y. Chen, Phys. Rev.
Lett. 103, 100402 (2009)
7FIG. A.5: Back-action evasion: destructive interference be-
tween the field directly reflected from the oscillating mirror
and the field transmitted out of the cavity.
TABLE III: Sampling parameters for the trapped oscillator
ρ mass density 2329 kg/m3
Y Young’s modulus 130GPa
l cantilever beam length 1.5mm
h cantilever thickness 0.37µm
b cantilever width 0.3mm
The first term on the right hand-side is the field directly
reflected from the trapped mirror while the second term
is the field transmitted out of the cavity. We can see
that they cancel when ∆t = ωs. Therefore in this case
the output field does not contain the x-information.
Given the parameters listed in Tab.I of the main text,
we use (A.8)-(A.11) to calculate the modification of the
mechanical dynamics by the trapping beam, and list the
effective parameters in Tab.II of the main text. We can
see that velocity response is a mechanical damping factor
Γ which will not cause instability and is too small to affect
the OMIT effective cavity bandwidth γopt. The negative
inertia mopt is also too small to be comparable to the
mass of the mechanical oscillator.
EFFECTIVE TEMPERATURE OF THE
MIRROR-ENDOWED OSCILLATOR
Here we estimate the temperature of the mirror-
endowed oscillator due to the additional heating caused
by optical absorption. We assume the oscillator to be a
silicon cantilever mirror with thickness h, Young’s modu-
lus Y and density ρ. Under the assumption that l > b, h,
the fundamental frequency of the cantilever is given by 2
ωm0 = 1.875
2
√
Y I
ρSl4
, (A.13)
where the S = bh and l are the cross-sectional area and
length of the cantilever. Then I = bh3/12 is the moment
of inertia of the beam cross-section. Using the param-
eters given in Tab. III, the resonant frequency has the
value about 180Hz.
We also assume that the suspended mirror inside the
cavity has thermal conductivity κ(T ) = κ0T
n. The can-
tilever is illuminated by the trapping field with intra-
cavity power P ctrap. As a simple 1-D heat transport
problem, Fourier’s law says that the heat power passing
through the cross-section S = bh of the mirror material
at distance z from its center equals to Pcond = −SκT ′(z).
Integrating the heat transport equation from the illumi-
nated spot center with temperature T0 to the boundary
with temperature T , we have the relation between the T0
and the absorbed power for a rectangular shape mirror
Pabs as:
Pabs =
2Sκ0
l(n+ 1)
(Tn+10 − Tn+1) (A.14)
Typically we have n ∼ 2 at cryogenic temperature3. Us-
ing the sample parameters 10ppm, Pc ∼ 15W and the
conductivity of the material3 κ0 = 10W/(m.K
n), we have
T0 = 6K from Eq.(A.14).
How this absorption-induced 6K temperature around
the hot spot and its nonuniform distribution across the
beam cantilever influences the thermal noise is not en-
tirely clear and needs further study. The loss of the can-
tilever motion can be classified as surface loss and body
loss. The body loss is mainly through the clamping point
where the temperature is around the cryogenic environ-
ment temperature. The surface loss, on the other hand,
influences the cantilever motion through the coupling of
the material surface motion with the local thermal bath,
which has a raised temperature from the trapping beam
heating. Whether the thermal noise due to surface loss
degrades the squeezed light or not depends on detailed
design of the experiment and needs a more sophisticated
study. Moreover, the trapping beam does not illuminate
the cantilever beam uniformly thereby a heat flux will
be built up across the cantilever beam with temperature
gradient about ∇T ∼ 3× 103K/m. The non-equilibrium
thermal noise associated with this heat flux is also un-
clear and needs to be addressed in future research.
